The latest results of analysis and modelling of high current and highly shaped plasma operation at JET are presented in order to explain the approach towards an integrated solution for the ITER baseline scenario. A strong link is found between ELM size, pedestal height and plasma performance, suggesting high performance must come at the expense of large ELM heat loads. However, promising results at the highest plasma shapes show that this link can be broken, with other mechanisms coming into play that appear to dissipate heat between ELMs, or extract the ELM heat loads more benignly. It is speculated that this is related to changes in the underlying stability of the ELM associated with highly shaped plasma operation. The way forward, in terms of the future programme and exploitation of upgrades to the JET device, is discussed.
INTRODUCTION
To ensure an efficient exploitation of ITER and rapid progress to full performance, an integrated approach to its plasma scenario development is needed, resolving physics questions on present devices, and developing viable scenario solutions, in order to avoid considerable extra programme time requirements for ITER. Full performance in ITER's baseline scenario is defined by the fusion gain factor, Q, the ratio of fusion power to auxiliary heating power, reaching a value of 10. For the ITER baseline plasma regime, Q=10 performance is based on an extrapolation of the sawtoothing type I ELMy H mode [2] , although an alternative regime, the "hybrid scenario", is gaining credence as a candidate scenario with possibly improved confinement and stability [3] . These regimes have common problems as well as some differences. In particular, heat loads due to type I ELMs (Edge Localised Modes) extrapolate to potentially unacceptably high levels in ITER [4] . The challenge is to develop a solution for the ELMs, while maintaining sufficient core confinement to meet the main performance goals. In addressing these issues, it is vital to obtain data in high current and highly shaped plasma configurations. The shape in particular plays a crucial role in the manifestation of the ELMs and the relationship they have to plasma performance. In this context, high shape is used principally to refer to the triangularity (defined as δ = [R 0 -(R upper + R lower )/2] / a, where R 0 is plasma magnetic axis radius, a is plasma minor radius, and R upper and R lower are radii of the highest and lowest points in the plasma). Obtaining data in high current and field configurations is also important, not only to ensure a sound basis for extrapolation from nearest-possible ITER values (particularly normalised Larmor radius), but also to ensure the correct physics regimes are accessed and assessed (eg in terms of normalised collision frequencies, or fast particle content) so that physics mechanisms do not unexpectedly change when going from solutions developed on present devices, to manifestation in ITER.
The JET device, one of the largest tokamaks in the world, with approximately half the linear scale of ITER, provides a unique opportunity to access ITER physics. Due to its size, high magnetic field and high plasma current capability, it can provide the closest match to ITER parameters and access to ITER physics regimes. It thereby serves as a key facility to resolve physics issues, test operating regimes and find technical solutions in nearest-ITER conditions. JET has now been upgraded with a new divertor structure that also allows more highly shaped plasmas to be run ( Fig.   1 ), which are more closely matched to the ITER shape. This has been accompanied by improvements to heating power, and installation of many new diagnostics in order to test key elements of the physics and/or essential diagnostic techniques for ITER. This is part of an ongoing major upgrade programme on the device.
In this topical review paper we summarise some of the latest results of modelling and analysis of recent JET data in order to discuss progress towards an integrated solution for ITER baseline operation. We explain the underlying concepts, trade-offs, and linkage between the issues. This commences in section 2 with a discussion of transport physics, summarising the latest results from JET that bear on ITER extrapolations. In section 3 we turn to the effects of the ELM and the plasma shape in this optimisation, considering the role of the pedestal and edge stability in governing plasma behaviour. In section 4 we summarise issues of power loading and progress towards more benign ELM scenarios. We then conclude in section 5, summarising prospects for ITER, further research needs, and the upgrades now being implemented at JET to address these issues.
TRANSPORT SCALING AND CORE PERFORMANCE
The central question for performance in ITER is how transport physics extrapolates from present devices. This is not only important in terms of predicting performance, but also in understanding the scope to implement techniques required to produce sufficiently benign ELMs (where necessary approaches may lead to a decrease in plasma performance, as discussed in section 3). Present ITER projections are based heavily on empirical global confinement scalings, and tested in 'wind-tunnel' type similarity experiments. Using a dimensionless invariance argument, it is asserted that energy confinement depends on just three dimensionless parameters [5] , normalised ion Larmor gyroradius, ρ * , ion collision frequency normalised to thermal ion bounce frequency ('collisionality'), ν * , and the ratio of thermal to magnetic pressure, β. This is a valid approach for extrapolation provided underlying physics mechanisms do not change across the parameter range being considered.
In comparing different experiments, additional dimensionless parameters are also included, mainly to account for variations in plasma shape (elongation, triangularity, and aspect ratio) or gas species.
An international database has been compiled along these lines, with a scaling law fit to this datathe IPB98(y,2) (ITER Physics Basis) scaling [6] . However, it remains important to check the scalings in this fit to ensure degeneracies or other false trends picked up in the database (perhaps for operational reasons) are eliminated. As we indicate below, these can lead to significant differences in performance extrapolation. It is also important to test any new operating regimes at plasma parameters that are sufficiently close to ITER, to avoid changes in physical mechanisms which would invalidate the scaling law approach. . This result was obtained with more benign type III ELMs at the edge of the plasma, although a similar result has been obtained for local thermal diffusivity with type I ELMs.
These results validate the IPB98(y,2) database extrapolations for ITER, and the above physics model, supporting the favourable gyroBohm scaling for ITER.
A further question then arises concerning the β dependence of the †transport. This goes to the †heart of the performance optimisation for ITER -will operation at higher β (with increased heating power) produce more fusion power and higher Q, or is it best to keep the β low, which has the benefit of helping to avoid plasma instabilities such as the neoclassical tearing mode. Two alternatives can be envisaged, depending on the nature of the turbulence. In the simplest formulation, the pressure gradient drives turbulence, but further perturbations to the magnetic field arising from the currents flowing in the turbulent structures are not considered -an "electrostatic" model. However, in a refined "electromagnetic" theory these perturbations to the field are included, potentially introducing an additional β degradation in the transport. This extra β dependence arises because the strength of the current perturbations associated with the turbulence will scale with β, leading to an increase in the amplitude of the turbulent fluctuations as β is raised. The IPB98(y,2) scaling in fact favours this electromagnetic scaling, and so the ITER baseline scenario was originally anticipated to be quite low in β, with a normalised β, β N ~1.8 [β N defined as β / (I P / a B T ), where I P is plasma current (MA), B T is toroidal field (T), and a is minor radius (m)]. However, gyrokinetic modelling by Candy [11] has shown that although electromagnetic effects can play a role, they are expected to be small for typical baseline scenario parameters. Earlier experiments on JET and DIII-D supported this, but were criticized for their limited range [12, 13] . However, JET has now confirmed this result by performing three dedicated scans [14] (Fig.3) . Within each scan, β * and ν * were held constant while β was varied (by suitably changing toroidal field, plasma current and density). ρ * , ν * and q 95 were varied between the scans. Each scan clearly shows zero dependence of energy confinement on β (the electrostatic expectation). This has a dramatic impact on the predicted performance for ITER (Fig.4) , overturning the electromagnetic form of IPB98(y,2), where progress much beyond a fusion gain of 10 is difficult. The new form greatly favours operation at higher β and heating power, allowing progress to much higher Q values. However further data is needed to fully constrain this result in pure type I ELM regimes, and to resolve possible discrepancies with other devices, which appear to show some β degradation in confinement [15] . The 'wind-tunnel' approach used above to scale energy confinement can only be applied if physics mechanisms do not change over the range of the extrapolation. However, as ITER-like low collisionalities are approached, particle transport mechanisms are expected to change, with turbulent driven pinches due to trapped electron dynamics expected to provide significant peaking of the density profile [16] . This is observed experimentally (Fig.5 ). Here operation with high current plasmas (which provide better confinement and higher temperatures) enables access to more ITER-relevant low collisionality values. Then, comparisons with ASDEX Upgrade enable the removal of previous degeneracies in the database [17, 18] to confirm collisionality as the key parameter correlated with density peaking. The peaking (measured as the ratio of core to volume average density) is found to reach a ratio of 1.5 at ITER values of collisionality (<ν eff >~0.06) -this would give ITER a ~30% boost to fusion power over the present assumption of flat density profiles. However it also raises questions of impurity profile peaking, which may require additional techniques (such as core electron heating) to dissipate impurities from the core. These studies will greatly benefit from the new ICRH system now being implemented at JET, which will increase electron heating capability (via suitable mode conversion schemes which transfer the power to the electrons), and provide heating that does not act as a source of particles, thereby facilitating low collisionality particle transport studies.
Thus we see that operation at high current and β plays a vital role in understanding how †plasma performance scales to ITER, and identifying potential beneficial effects that may raise performance.
These issues are also important to clarify, in order to understand the scope for implementing solutions that will make ELMs heat loads more tolerable. However before we address this issue, we must first consider the role of plasma shape and its influence on the ELMs.
PLASMA SHAPE, AND THE LINKAGE BETWEEN ELM SIZE AND PERFORMANCE
We now turn to the role of plasma shape. ITER operates with a more triangular shape (measured by the parameter δ) than most present devices, and so a new divertor has been introduced in JET to allow a better match to the ITER shape. Operation with this has only just commenced, and so detailed studies must await a later paper. Nevertheless, it is already clear that triangularity plays a key role in governing both the performance and the ELM behaviour of the plasma. This is evident from the plots in Fig.6 , based on data from Ref [19] . Here we see that for any one plasma shape (corresponding to one shape symbol in the plot), a degradation of confinement is observed as density is increased. However, as triangularity is raised towards the ITER value, the confinement steadily improves (for a given density). Indeed, the highest shapes not only provide access to the highest performance levels, but can also reach the highest values of normalised density.
This improved confinement can in part be interpreted in terms of the magnetohydrodynamic (MHD) stability of the ELMs in the plasma. A cycle is observed, of steadily increasing pressure gradients in the edge 'pedestal' region (the narrow transport barrier that occurs just inside the plasma separatrix), followed by an event (the ELM) that expels energy and reduces the gradients.
Thus the ELMs limit the attainable pressure at the top of the pedestal and this feeds into the overall stored energy achievable. This effect is accentuated by the property of 'stiffness' in the plasma profiles. This describes the observation in various models of transport [20, and references therein] that above a critical threshold (κ c ) in normalised temperature gradient (κ = T T R r / ƒ − ), the thermal diffusivity suddenly starts to rise above neoclassical levels. The rate at which the diffusivity rises with this gradient parameter is characterised by a stiffness parameter, χ s . A very high stiffness effectively corresponds to a limit in the temperature gradient, with increases in heating power being matched by increased thermal diffusivity to give little or no further rise in temperature gradients. The dependence of this effect on T T R r / ƒ − means that gradients in stiff plasmas can be limited across a large region of the core, meaning absolute temperature gradients (and core performance) can only be raised by increasing the temperature of the pedestal.
New analyses of data from perturbative transport experiments [21] show that the intrinsic electron stiffness ( χ s ) is moderate in plasmas with dominant electron heating (T e >>T i ) but raises considerably (higher χ s ) in plasmas where ion heating is also applied and ITER relevant conditions, with T e~Ti , are reached. This is shown in Fig.7 , where the red triangles indicate that plasmas with ion heating from JET can reach much higher χ s values than the purely electron heated plasmas from JET and other devices. This, together with an observed increase of actual stiffness with temperature, leads to the fact that in JET the core performance is particularly strongly linked to the height of the pedestal -thus the pedestal height will have a controlling influence on global energy confinement in ITER.
This dependence on the pedestal motivates a more detailed exploration of the role of the ELM in limiting pedestal height. The immediate question must be: what controls the ELM behaviour? The ELM is an MHD instability, and so can be modelled with suitable stability codes. The challenge in such modelling arises from the narrow layer of plasma involved (typically 4cm deep on JET), making the detailed diagnostic resolution difficult, and requiring specifically tailored high resolution stability codes to model. Nevertheless, the ELM instability is thought to be driven by the strong pressure gradients and current arising in the pedestal, in some cases leading to combined peeling-ballooning instabilities [22] . The lack of diagnostic resolution in the pedestal makes modelling somewhat speculative. Nevertheless, considerable progress can be made in studying the trends in the models.
A careful analysis of previous campaigns [23] has shown how lowering the density opens up a window in the stability of the edge of plasma, where pressure gradients are normally limited by fine scale ballooning instabilities. At lower densities pressure-driven bootstrap currents that occur in the edge become stronger allowing a region of "second stability" to develop where strong magnetic shear stabilises the ballooning mode. Pressure then rises, together with the associated bootstrap current until the combination of pressure gradient and current in this region drives a peelingballooning instability. This cycle, and the associated stability changes, were studied for a particular set of JET discharges where considerable efforts were made to optimise the plasma configuration for diagnostic coverage. This resulted in good matches between observed plasma parameters prior to a type I ELM, and the predicted thresholds for the linear instability of peeling-ballooning modes [22] , confirming these modes as good candidates for explaining the ELM triggering. Increased density (or reduced heating power) was found to progressively close off access to the second stability region, correlating in the experiments with reduced pedestal pressure gradients and global confinement, and a transition from type I to type III ELM behaviour. These type III ELMs occur well away from the peeling-ballooning mode boundary, and so are likely to be associated with a different plasma instability.
New modelling using the ELITE code [24] shows how this process is influenced by plasma
shape. An example is shown in Fig.8 where the growth rates for the most unstable peeling-ballooning mode are plotted versus normalised pressure (where 1 on the x axis represents the experimental value prior to an ELM crash) for a range of plasma shapes. For each point in the plot, the toroidal mode number, n, has been scanned to identify the most unstable mode. Although a positive growth rate is seen for pressures below the experimental value, this is attributed to differences between the modelled and experimental profiles; for the purposes of this analysis it is the trends in stability that we are interested in. As is evident from the figure, the higher triangularity (δ u~0 .56) single null case has a lower growth rate and is stable to higher pressure gradients than the lower shape (δ u~0 .05).
In addition both of the "quasi-double null" (QDN) shapes (where the top of the plasma is strongly shaped to almost form a second X point) tested are also much more stable than the low triangularity single null case. These QDN shapes are sometimes associated with more benign ELM regimes, as we shall discuss shortly. Thus it might be inferred that the more shaped plasmas will access higher pressure gradients (and thus pedestal height and plasma performance) before the ELM crash occurs.
The modelling also shows a clear trend with the most unstable mode number increasing steadily with pressure gradient (values of n are given at two points in the plot, though the trend with p/p 0 is borne out by the wider data set). Thus the higher shapes only access higher toroidal mode number modes, which are found to give narrower, more edge-localised peeling-ballooning modes. This offers a candidate mechanism (through decreased 'depth' of the ELM) for explaining the more benign types of ELM (discussed below) that occur in more highly shaped plasmas.
While these MHD analyses can give useful clues as to the likely origins of changes in ELM behaviour and plasma performance, further definitive tests of the links between plasma profiles and stability must await the detailed studies now being commenced in the new campaigns at JET, using upgraded resolution diagnostic systems. Nevertheless the trend in the above modelling suggest a series of links between shape and performance that appears to be matched by experiment: the more strongly shaped plasmas are more stable to the modes thought to be behind the triggering of an ELM. This potentially allows pressure gradients to progress to higher values before an instability is observed, raising the pedestal and (through the stiffness property) further increasing energy confinement. However the higher pedestal also increases the amount of stored energy that can be released once the instability is finally triggered. The question must then be, can this link between performance and ELM size be broken? We discuss this in the next section.
ELM SIZE AND BENIGN ELM REGIMES
We have seen how the instabilities associated with the ELM depend on plasma density and shape, and how in turn these parameters regulate the confinement. While a high pedestal (e.g. in highly shaped configurations) raises performance, it is found, somewhat unsurprisingly, that it also raises the energy of the ELMs [25] , as is shown in Fig.9 . This effect can be reduced by increased density, which degrades the pedestal and overall energy confinement, or by operating with reduced triangularity. Over a broader range of discharges (Fig.10, grey points) , typically 5-20% of the pedestal energy is expelled during each ELM [3] . This is comparable to (and may exceed) the likely tolerable heat load limits for ITER, though exact predictions depend on how rapidly the ELM energy emerges, and also require further research into the material erosion resulting from ELMs. Of particular concern in Fig. 10 is that the fraction of pedestal energy carried by the ELM generally rises as ITER-like low pedestal collisionality values are approached. The questions must be, can we reach high performance without making large ELMs, and can we break the link between ELM size and pedestal collisionality.
On the first question, the key element to address is to find ways to get the power emerging from the plasma more evenly (e.g. more frequent ELMs, or more transport between the ELMs). This is in fact achieved naturally in the highest plasma shape (termed 'HT3') cases of Fig.6 (blue points) when the density is raised above its natural (no-fuelling) value. The plasma then enters a regime of 'mixed' ELMs -occasional type I ELMs with long phases of inter ELM turbulence (Fig.11 ) and low level edge activity. As a result, the time-averaged fraction of power carried by the ELMs falls dramatically (Fig.12) , mainly due to the reduced ELM frequency. Further, despite this high HT3 shape configuration reaching very high performance, the ELMs remain relatively modest in size (although still a concern for ITER), as shown by the various triangle and square symbols in Fig. 10 .
It is possible that this increased inter-ELM turbulence is due to some form of saturated peeling mode activity -this requires detailed measurements (expected from the present JET campaigns) and non-linear modelling to test. The mixed ELM activity on JET also appears related (though not identical) to the so called "type II ELM" behaviour of ASDEX Upgrade [26] , where type I ELMs are completely replaced in high shape regimes by a lower level of activity with increased turbulence.
Work is now proceeding to further explore the physics origins and access conditions for these types of regimes at JET, and in particular to see if ELM size or frequency can be further reduced.
On the second question, there are also promising signs that the link between ELM size and pedestal collisionality can be broken. Under certain conditions the ELMs in the highest shape configuration appear to become more convective [27] , with reduced conductive losses and lower ELM energies.
These convective ELMs have less effect on the pedestal temperature, predominantly perturbing the density profile. The longer timescales associated with the transport along the field lines to the target in the convective process also lead to further reductions in the peak divertor heat loads. As is shown in Fig. 10 (blue diamonds) this regime is obtained by operating the high shape configuration at increased q 95 (safety factor value at the 95% flux surfaces). We see that the convective ELMs break the usual link between ELM energy fraction and pedestal collisionality. They are also observed to deposit more of their energy at the divertor, rather than the wall. This is a key potential benefit for ITER (and the planned upgrades for JET) where the first wall is planned to be made from Beryllium -this has a low melting point and sputtering threshold, while the divertor will be made of more resilient compounds (Tungsten and CFC). More recently, this type of ELM-mechanism has been observed at lower collisionality and q 95 in reversed field plasmas [28] , indicating a possible potential to extend the regime towards more ITER relevant parameters by suitably tuning edge parameters.
As with the mixed ELM regime, further work must focus on understanding and extending the access conditions for this mode towards ITER parameters, in particular testing its viability at ITER relevant collisionality and q 95 values.
Work is now proceeding with the new shape configurations and improved shape and vertical control of JET to see how benign ELM regimes can be extended towards ITER relevant parameters, and to determine the critical parameters to attain these regimes. As well as exploring convective and mixed ELMs, studies are planned to address other promising regimes such as the socalled †"grassy ELM" plasmas observed at high poloidal β in even more highly shaped QDN configurations [29].
CONCLUSIONS AND FURTHER STEPS ON JET
Access to highly shaped and high plasma current configurations on JET is addressing key questions for the baseline scenario for ITER. High current enables key parameter regimes to be accessed, such as low collisionality and low ρ * , not least to identify issues of confinement scaling and profile changes, but also to understand changes and dependencies in ELM behaviour. In particular, recent JET work has confirmed the more favourable gyroBohm scaling for energy confinement, identified potential benefits of increasing β, and shown that density profiles are likely to be peaked in the core at ITER-relevant collisionality values.
The issues of performance and ELM size are also critically coupled to plasma shape, where the high (near-ITER) triangularity shapes on JET reach the best performance levels and allow the best performance at the high Greenwald density fraction (density normalised to the 'Greenwald density',
2 ). Core performance regimes appear linked to the strength of the edge transport barrier (the pedestal), with perturbative transport studies indicating the link to be particularly strong for plasmas where the ions have comparable temperature to the electrons (as they will be in ITER). As ELMs generally take a significant fraction of the pedestal energy, this poses a concern that good performance may be coupled to having larger ELM energies. However, high triangularity operation may also be linked with access to encouraging new regimes where the ELMs become more benign or partly suppressed by changes in the physics mechanisms. These can sometimes break the usual link between ELM size and plasma performance.
These are encouraging developments for ITER, with a better understanding of physics mechanisms leading to more favourable parameter dependencies, and the development of potential scenario solutions with more benign ELM types in certain conditions. Nevertheless, reaching a viable solution for full baseline performance operation with tolerable ELMs remains a major challenge requiring considerable further work on present devices if a lengthy research campaign on ITER is to be avoided. It is therefore vital that the physics and access requirements for all candidate ITER regimes and scenario solutions be resolved on present devices, and that performance and scaling towards ITER parameters be tested in nearest-ITER conditions -particularly evaluating behaviour at low ρ * and collisionality.
The results discussed in this paper are now being augmented by further campaigns on JET benefiting from considerable enhancements to the device. In particular, a new divertor has been installed and is delivering much more ITER-like shaped plasmas. Improvements have been made to neutral beam and ion cyclotron heating systems to raise power levels and improve coupling to the plasma. Also, greatly improved diagnostics have been installed, with upgraded bolometry, higher time and spatial resolution charge exchange measurements, high resolution Thomson scattering, and wide angle infrared systems. These will play key roles in further addressing the physics of the pedestal and the ELM.
However work must go much further. In ITER the need to avoid excessive Tritium retention requires it to operate with a predominantly metal wall and divertor. This is likely to place exacting requirements on tolerable heat loads, in order to avoid melting of the plasma facing surfaces, both in the main chamber and divertor regions. Thus further major upgrades are planned at JET to match the ITER wall design, and substantially raise heating power to reach ITER relevant heat loads. This involves major upgrades to neutral beam heating systems, raising power and doubling pulse length, and the installation of a new ion cyclotron resonant heating system (installed to test the design of the ITER ICRH antenna). A challenging programme will then ensue, in which scenarios compatible with an ITER-like wall must be operated, with benign ELMs in very high performance plasmas at high triangularity and current. To this end, further active ELM control systems are being installed (pellets, and possibly magnetic edge ergodisation coils), to complement parallel programmes on the development of intrinsically benign ELM regimes described above. The aim of this programme will be two-fold, focussing both on testing the ITER wall design under ITER-like conditions, and resolving scenarios compatible with the ITER wall and determining their behaviour and extrapolation to ITER. With these new tools JET will be superbly equipped to take forward the encouraging developments described in this paper, and move towards a full resolution of the main scenario questions for ITER. [3] . Other points from more recent high shape operation using the high triangularity 'HT3' shape configuration. 
